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The widespread and complex ecogeographical diversity of macaques may have caused 
adaptive morphological convergence among four phylogenetic subgroups, making their 
phylogenetic relationships unclear. We used geometric morphometrics and multivariate 
analyses to test the null hypothesis that craniofacial morphology does not vary with 
ecogeographical and phylogenetic factors. As predicted by Bergmann’s rule, size was larger 
for the fascicularis and sinica groups in colder environments. No clear size cline was 
observed in the silenus and sylvanus groups. An allometric pattern was observed across 
macaques, indicating that as size increases, rounded faces become more elongated. However, 
the elevation was differentiated within each of the former two groups and between the silenus 
and sylvanus groups, and the slope decreased in each of the two northern species of the 
fascicularis group. All allometric changes resulted in the similar situation of the face being 
more rounded in animals inhabiting colder zones and/or in animals having a larger body size 
than that predicted from the overarching allometric pattern. For non-allometric components, 
variations in prognathism were significantly correlated with dietary differences; variations in 
localized shape components in zygomatics and muzzles were significantly correlated with 
phylogenetic differences among the subgroups. The common allometric pattern was probably 
influenced directly or indirectly by climate-related factors, which are pressures favoring a 
more rounded face in colder environments and/or a more elongated face in warmer 
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environments. Allometric dissociation could have occurred several times in Macaca even 
within a subgroup because of their wide latitudinal distributions, critically impairing the 
taxonomic utility of craniofacial elongation. 
Page 3 of 62
John Wiley & Sons, Inc.
































































Craniofacial morphology widely varies among extant macaque monkeys (Macaca spp.) 
(Albrecht, 1978; Pan et al., 1998; Pan and Oxnard, 2000, 2001, 2002). Craniofacial features 
have been used to taxonomically identify fossil macaques (Schlosser, 1924; Iwamoto, 1975; 
Delson, 1977; Fooden, 1990; Rook and O'Higgins, 2005); however, classification is 
occasionally controversial (Delson, 1980; Jablonski and Pan, 1988; Jablonski, 2002), possibly 
because of some homoplastic features related to their salient and complicated ecogeographical 
diversity. 
Macaques are distributed across a wide range of climates from tropical to temperate 
zones. Such a wide distribution is not found in any other primate genus except humans 
(Fleagle, 1999). Approximately 20 species of extant macaques are phylogenetically classified 
into four species groups (i.e., sylvanus, silenus, sinica, and fascicularis groups) based on 
genitalia, cranial morphology, biogeography, and fossil records (Fooden, 1976; Delson, 1980) 
(Fig. 1A; Table 1). This traditional classification is supported by recent molecular studies 
(Tosi et al., 2000, 2003; Li et al., 2009) (Fig. 1B–D). The sylvanus group (M. sylvanus) is 
distributed in a small temperate region of northern Africa (Fooden, 2007). The silenus group 
is found in tropical areas of southern India and from Sundaland to Indochina (Fooden, 1969, 
1975). The sinica group occupies tropical India and Sri Lanka and also inhabits subtropical 
and temperate areas between Nepal and eastern China (Fooden, 1985, 1990). The fascicularis 
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group has the widest continuous distribution, ranging from tropical Indonesia to subtropical 
and temperate areas between eastern Afghanistan and Japan (Fooden, 2006). Notably, the 
latitudinal distribution ranges of the four species groups considerably overlap, and the species 
groups often share similar climatic conditions. This observation suggests that geographic 
dispersal among various climatic conditions has independently occurred for each species 
group rather than accompanying species group divergence. 
Such a complex ecogeographical diversity, which is independent of phylogenetic (among 
the species groups) divergence, inevitably obscures phylogenetic value of some 
morphological features. For example, each species group would have independently modified 
its craniofacial morphology in response to the varied environmental conditions, which may 
have caused convergent evolution among the species groups. 
One of the major convergent factors is a latitudinal gradient in body mass (Albrecht, 
1980; Fooden, 1988; Fooden and Albrecht, 1993; Hamada et al., 1996; Fooden, 2006). This 
gradient is usually explained by Bergmann’s rule, which predicts that animals living in 
northern, colder environments have a larger body size than those living in southern, warmer 
regions, as a physiological adaptation to effectively maintain body temperature. This 
latitudinal gradient in body mass is strongly correlated with craniofacial shape variation 
across macaques, except for Sulawesi macaques, which have an extremely unusual 
craniofacial shape (Albrecht, 1978). Positive facial allometry, indicating that the face 
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elongates relatively more with size, has been reported in several macaque species (Pan et al., 
2003). Such allometric scaling probably caused significant convergence among the species 
groups. Despite belonging to different species groups, small-bodied macaques (i.e., M. sinica, 
M. radiata, and M. fascicularis) have numerous craniofacial shape similarities and are 
distinguished from large-bodied species (Pan and Oxnard, 2000, 2001). Thus, allometric 
scaling amplified by the effect of Bergmann’s rule is probably the most effective factor in the 
formation of homoplastic craniofacial features among the species groups. 
Other aspects of the effect of latitudinal environmental differences may also contribute to 
a convergence among the species groups with respect to craniofacial morphology. For 
example, because Allen’s rule predicts that a more elongated body part is more liable to lose 
body heat than a more rounded one, animals in northern and colder environments may be 
under a selection pressure that favors a more rounded face with a shorter muzzle (as shown in 
the short muzzle of the arctic fox; Prestrud, 1991). A dietary shift is another possible cause of 
craniofacial modifications with latitude (Antón, 1996). Thus, even if the allometric effect is 
adjusted for, craniofacial shape possibly reflects latitudinal environmental differences that 
obscure phylogenetic information. 
Overall, craniofacial shape variations among extant macaque species groups potentially 
contain a considerable number of homoplastic features caused by convergent evolution along 
latitudinal environmental gradients. In the present study, we investigated how environmental 
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factors influence craniofacial morphology in extant macaques in order to obtain a better 
understanding of the factors that underlie phenotypic variation and to evaluate the potential 
use of craniofacial shape in the taxonomic (species group) identification of fossil specimens. 
We distinguished among size, allometric variations, and non-allometric variations because 
environmental pressures can affect each of these three components independently and 
differently. Our null hypothesis is that none of the three components varies with 
ecogeographical or phylogenetic factors. We tested this null hypothesis for a better 
understanding of the factors that underlie phenotypic variations in extant macaques. 
 
 
MATERIALS AND METHODS 
Cranial samples and landmark coordinates 
We examined 12 species of macaques, excluding Sulawesi macaques. We used 549 (243 
female and 306 male) adult dry crania with erupted third molars (Table 2). The animals were 
shot or sampled in the wild. M. fascicularis, M. mulatta, M. fuscata, M. assamensis, and M. 
nemestrina individuals were divided into two or three populations based on geography and/or 
genetic distances, and the populations were regarded as sampling units (Table 2; Fig. 2) 
because they occupy wide ranges and/or have considerable genetic differentiation among 
populations (for references refer to Supporting information). Specimen samples for the other 
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species were not subdivided, and the species themselves were regarded as sampling units. We 
randomly selected specimens by a sampling unit (i.e., population or species) from as many 
localities as possible and reduced the number to approximately 20 per sex to avoid statistical 
artifacts related to sample size. 
Three-dimensional cranial surface landmark coordinates were measured using a 
three-dimensional digitizer (Microscribe MX; Immersion Corp., San Jose, CA, USA). Of the 
33 landmarks defined in Table 3, 23 were from the face and eight were from the neurocranium 
(the glabella was included in both sets of the face and the neurocranium) (Fig. 3). Only 
measurements on the left side were used to avoid redundancy, but horizontal reversals of the 
right-side measurements were used for specimens with broken left sides. Missing landmarks 
were estimated using mean sampling unit coordinate values by sex following registration 
procedures (see Slice, 1999; Cardini and Elton, 2008). 
 
Ecogeographical and phylogenetic data 
The geographic coordinate for each specimen was defined as the approximate center of 
the province, state, region, prefecture, district, or island that encompassed the sampling 
location. If the approximate center of the political jurisdiction or island was outside the actual 
distribution range of the species/population, the geographic coordinate was redefined as the 
approximate center of the overlapping area between the actual distribution range and the 
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political jurisdiction or island. Annual mean temperatures were taken from the BIOCLIM 
database on the WorldClim website (Hijmans et al., 2005; http://www.worldclim.org/) using 
the DIVA-GIS software (http://www.diva-gis.org/). The absolute value of the latitudinal 
coordinate was used in the following analysis, substituted for annual mean temperature 
because annual mean temperature can potentially reflect microscale regional outliers and 
localization artifacts that do not have evolutionary significance. Nevertheless, the results 
using annual mean temperature were similar and therefore not shown. 
For phylogenetic data, the phylogenetic relationship revealed by Alu elements {sylvanus 
group, [silenus group, (sinica group, fascicularis group)]} (Fig. 1D; Table 1), was used 
because it is robust; this robustness is because the Alu elements show very little homoplasy 
and their ancestral state is known (Li et al., 2009). The phylogenetic relationship within a 
species group was not considered because of its uncertainty and was treated as a polytomy. 




Centroid size (CS) for each specimen was calculated as the square root of the sum of the 
squared Euclidean distances from each landmark to the centroid. CS was calculated for each 
landmark set from the face, neurocranium, and entire cranium. 
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We regressed the natural logarithm of species average (split sex) body mass (g) against 
the natural logarithm of species average (split sex) CS for each of the three cranial regions to 
evaluate which cranial region was the most appropriate body mass predictor. Among the three 
regressions, the one that best explained the body mass data was selected (Fig. 4A). The 
coefficient (slope) for the selected regression was used to predict each individual’s body mass, 
where an intercept was defined respectively for each species (split sex) so that a regression 
line passed through the coordinate of each species average (split sex). A body size surrogate 
was calculated as a predicted value by substituting each individual’s lnCS for the independent 
variable in the regression equation that was defined for the species (split sex) to which the 
individual belonged (Fig. 4B). Body mass averages were primarily obtained from Delson et al. 
(2000); the data for M. cyclopis were from Fooden and Wu (2001). 
A multivariate regression analysis was performed for the entire sample to evaluate 
factors influencing body size; the dependent variable was the body size surrogate, and the 
independent variables were sex, species group, habitat use type, and annual mean temperature. 
Sex and species group were nominal and thus respectively coded as dummy variables (e.g., if 
an individual belonged to the sinica group, it was coded as 1; if not, it was coded as 0). 
Habitat use type was an ordinal scale variable, where “arboreal” was coded as 0, 
“intermediate or uncertain” as 1, and “terrestrial” as 2. Diet was excluded as an independent 
variable because it was highly correlated with annual mean temperature (r = −0.71, p < 0.001) 
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and was not likely to be a direct factor affecting body size. We performed the same analyses 
for each species group. 
 
Allometric variation 
Standard geometric morphometric methodological approaches (Mitteroecker and Gunz, 
2009; Zelditch et al., 2012) were employed. A generalized Procrustes analysis (Rohlf and 
Slice, 1990) was conducted to register landmark configurations of the face (23 landmarks). 
The registered data, i.e., Procrustes shape coordinates, were used as shape variables in the 
following analyses. 
Multivariate allometric patterns of craniofacial shape variation have been studied using 
several methods. One of the most commonly used is based on the principal component 
analysis (PCA) of the covariance matrix of Procrustes shape coordinates. In this case, the first 
principal component (PC1), which accounts for the maximum variance, is usually plotted 
and/or regressed against a size variable to explore an allometric pattern (O'Higgins and Jones, 
1998; Singleton, 2002). This approach is adequate when an allometric (size-correlated) 
component is relatively dominant in total variation, as in an ontogenetic sample or in a sample 
that has great size variation and is relatively homogeneous. However, depending on the nature 
of the sample, there is a risk that an allometric component is unexpectedly shared with PCs 
other than PC1, whereas PC1 contains some of the non-allometric variation. Because an 
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allometric component may not be dominant in total variation in our data, we instead applied 
the multiple regression of Procrustes shape coordinates (Monteiro, 1999). The multiple 
regression detects shape variation that the independent variable (size, in this case) best 
explains, which suits our aim and samples. 
The multiple regression of the Procrustes shape coordinates for the face on the body size 
surrogate with a 10,000 times permutation test was performed for the entire sample to explore 
a common allometric pattern across macaques (MorphoJ; Klingenberg, 2011). Herein, shape 
scores, which are analogous to the PC1 scores in the study of allometry, were computed for all 








 is the transposed matrix 
of b (MorphoJ; Drake and Klingenberg, 2008; Klingenberg, 2011) when considering the 
regression equation y = bx + e, where y is the vector of shape variables, b is the regression 
vector, x is the size variable, and e is the error term. This is a projection of the shape variable 
vector onto regression vector b and can be interpreted as the shape variable that is most 
strongly associated with the size variable. Nevertheless, the shape score includes the residual 
variation in that direction. We examined the allometric pattern and its residual variation by 
plotting the shape scores against the body size surrogates. To evaluate the factors influencing 
differences in the allometric pattern (i.e., factors contributing to residual variations), the 
homogeneity of slopes and elevations for the least-squares regression of the shape scores on 
the body size surrogates was tested between the two climatic zones, among the four species 
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groups, among species within a species group, and between each species and a general pattern 
(a climatic zone). 
The same analyses were conducted by regression of the PC1 scores on the body size 
surrogates following PCA of the covariance matrix for the Procrustes shape coordinates for 
the face to compare with previous studies. 
 
Non-allometric (and sex-adjusted) variation 
We performed multiple multivariate regression of the Procrustes shape coordinates for 
the face on the body size surrogate and sex, where sex was coded as a dummy variable (i.e., 0 
or 1) to correct for the effect of sex and size on face shape. Residuals from the regression 
were calculated and used as size- and sex-adjusted shape variables (MorphoJ; Klingenberg, 
2011).  
The Mantel test (Mantel, 1967) was performed among all 19 sampling units to evaluate 
the association between shape and ecogeographical/phylogenetic factors. This test examines 
the correlation between the distance matrices of two of these variables. Shape distances were 
calculated as Mahalanobis squared distances of the size- and sex-adjusted shape variables. 
Climatic distances were calculated as Euclidean distances of the unit average for annual mean 
temperature, which was standardized. Dietary distances were calculated as Gower’s distances 
(Gower, 1971) because these data are binary (i.e., the distances between “hard food eaters” 
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and “the others” were 1, and between the same values were 0). Phylogenetic distances were 
calculated as ultrametric distances (i.e., distances within a species group, between the sinica 
and fascicularis groups, between the silenus and sinica/fascicularis groups, and between the 
sylvanus group and the other groups were 1, 2, 3, and 4, respectively). The Mantel test with 
100,000 random permutations was performed between the shape distances and the 
phylogenetic/climatic/dietary distances. Furthermore, a three-way Mantel test with 100,000 
random permutations was performed (Smouse et al., 1986) to calculate the partial correlation 
between the shape distances and the climatic/dietary distances, while holding the effect of 
phylogeny constant. This was done to detect the true effect of climate/diet on shape by 
factoring out the confounding phylogenetic effect.  
Canonical variate analysis (CVA) with 10,000 random permutations was performed for 
the size- and sex-adjusted shape variables to identify the shape features that best distinguished 
the four species groups and dietary differences. 
 
Shape variations assessed by the multiple regression and CVA were represented by 
deformations of the Cartesian transformation grids calculated from triplets of thin plate 
splines (TPS; Bookstein, 1989; O'Higgins and Jones, 1998). The grids derived from TPS 
show how the space surrounding a reference shape is deformed into the space surrounding a 
target shape using minimum bending energy. The space deformations were further visualized 
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by reconstructing hypothetical forms of a wireframe and by smooth surface rendering of 
polygons. 
These analyses were performed using Morpheus et al. (Slice, 1999), MorphoJ 
(Klingenberg, 2011), Morphologika ver. 2.5 (O'Higgins and Jones, 1998, 2006), NTSYSpc ver. 





The natural logarithm of species average (split sex) body mass was better explained by 
neurocranial lnCS (R
2
 = 0.84, p < 0.001, y = 5.0191x–13.763; Fig. 4A) than by facial lnCS 
(R
2
 = 0.75, p < 0.001) or entire cranial lnCS (R
2
 = 0.78, p < 0.001). Thus, the body size 
surrogate was calculated for each individual on the basis of the neurocranial lnCS (Fig. 4B). 
The factors influencing body size are listed in Table 4. The size variation in the entire 
sample was significantly explained by annual mean temperature as well as differences in sex, 
species group, and habitat use type. The (standard) partial regression coefficient indicated that 
size was larger under colder climatic conditions, in males than in females, in terrestrial 
animals than in arboreal animals, and in the silenus group > the sinica group > the fascicularis 
group (the sylvanus group was less significant). According to the standard partial regression 
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coefficient values for the fascicularis and sinica groups, climatic factors were considerably 
more effective predictors than sex and habitat use type. In contrast, climatic factors were less 
effective than sex and habitat use type for the silenus group. The contribution of sex was 
tested (40% was explained) for the sylvanus group, but the other factors were not tested 
because of the group’s limited distribution and single habitat use type. 
 
Allometric variation 
Multiple regression analysis revealed that 8.8% of the total variance of the Procrustes 
shape coordinates was explained by the body size surrogate for the entire sample (p < 0.001), 
indicating that this regression vector represented a common allometric pattern across 
macaques. Increasing shape scores represented shape modifications; the upper face became 
smaller in width and length relative to the lower face, the muzzle was relatively longer, and 
the anterior portion of the face tilted more inferiorly, a feature known as klinorhynchy (Fig. 
5A). Taken together, these findings indicate that as size increases, a rounded face becomes 
more elongated.  
The homogeneity of slopes and elevations was tested for the least-squares regression of 
the shape scores on the body size surrogates. The slopes were not different between the two 
climatic zones (df = 1, F = 0.415, p = 0.52; Fig. 5B), but elevations were significantly higher 
for animals in tropical zones than for animals in subtropical/temperate zones (t = 14.69, p < 
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0.001; Fig. 5B). In contrast, the slopes were significantly different among the four species 
groups (df = 3, F = 8.401, p < 0.001; Fig. 5C). The slope of the fascicularis group was 
significantly lower than those of the sinica group (df = 1, F = 7.969, p = 0.005) and the 
silenus group (df = 1, F = 19.61, p < 0.001). The slope of the sinica group was significantly 
lower than that of the silenus group (df = 1, F = 6.603, p = 0.011), although this difference 
was not significant either at adjusted Bonferroni p < 0.05 or after removing M. sinica, whose 
regression was not significant (df = 1, F = 2.549, p = 0.112). The slope of the sylvanus group 
appeared to be identical to that of the silenus group and higher than those of the other two 
groups (Fig. 5C), although these differences did not reach statistical significance, probably in 
part because of the limited sample size. The elevation of the silenus group was significantly 
higher than that of the sylvanus group (t = −6.852, p < 0.001). 
Regressions for each species are summarized in Table 5. The slopes were significantly 
different among species within the fascicularis group (df = 3, F = 3.996, p = 0.008; Fig. 5D), 
with M. fascicularis > M. mulatta (df = 1, F = 6.951, p = 0.009) and M. fascicularis > M. 
fuscata (df = 1, F = 7.133, p = 0.008). The slopes were not different between M. fascicularis 
and M. cyclopis (df = 1, F = 0.012, p = 0.915), but the elevation was significantly higher for 
the former than for the latter (t = −8.188, p < 0.001). The slopes were not different among 
species within the sinica group after removing M. sinica (df = 3, F = 0.715, p = 0.545). 
Elevations seemed to be higher for M. radiata and M. assamensis than for M. arctoides and M. 
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thibetana (Fig. 5E); they were significantly different between M. assamensis and M. thibetana 
(t = −3.768, p < 0.001), between M. assamensis and M. arctoides (t = 6.173, p < 0.001), and 
between M. radiata and M. arctoides (t = −2.683, p = 0.01), although the last one was not 
significant at adjusted Bonferroni p < 0.05. Most M. sinica individuals tended to be scattered 
along or above the M. radiata and M. assamensis regression lines, although without statistical 
significance (Fig. 5E). The two species within the silenus group had similar slopes (df = 1, F 
= 0.855, p = 0.358) and elevations (t = 0.396, p = 0.693) (Fig. 5F).  
The slopes of most species were not significantly different from the general one, i.e., the 
slope of the climatic zone to which a species belongs (Table 5). However, slopes were 
significantly lower in M. mulatta and M. fuscata than in the general one. Slopes appeared to 
be higher in M. assamensis, M. thibetana, and M. nemestrina than in the general one, 
although these differences did not reach statistical significance, probably in part because of 
the limited sample size.  
Similar results, including the pattern of shape change, the parallel shift in the allometric 
trajectory between the two climatic zones, the pattern of slope dissociation among the four 
species groups, and their levels of statistical significance were also obtained from the 
regression analysis of PC1 scores on body size surrogates (detailed results not shown). 
However, PC1, which accounted for 29.1% of the total variance, demonstrated a larger 
amount of residual variation and thus was indicative of the inclusion of some non-allometric 
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Non-allometric (and sex-adjusted) variation 
The size- and sex-adjusted shape variables (i.e., residuals from the multiple multivariate 
regression of the Procrustes shape coordinates against the body size surrogate and sex; 15.6% 
was explained, p < 0.001) were tested for a correlation with ecogeographical and phylogenetic 
factors. The Mantel test revealed that the correlations between shape distances and 
phylogenetic distances were higher (r = 0.52, p = 0.001) than those with dietary distances (r = 
0.30, p = 0.039) and climatic distances (r = 0.19, p = 0.077). The three-way Mantel test 
revealed that when controlling for phylogenetic effects, the correlation between shape 
distances and climatic distances was not significant (r = 0.13, p = 0.147), whereas that with 
dietary distances was weak but significant (r = 0.27, p = 0.037). 
CVA demonstrated that the first three canonical variates accounted for 54.3%, 26.6%, 
and 19.1% of the total among-group variance, respectively. The first canonical variate (CV1) 
distinguished the fascicularis and sylvanus groups from the sinica and silenus groups (Fig. 
6A). The former two groups represented relatively higher and wider upper muzzles than the 
latter two groups (Fig. 6B). CV2 distinguished the sinica group from the silenus group, 
whereas the fascicularis and sylvanus groups were intermediate between them (Fig. 6A). The 
silenus group exhibited a relatively narrow zygomatic and anteriorly convex nasal profile line, 
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and the sinica group showed the opposite features (Fig. 6C). CV3 distinguished the sylvanus 
group from the others (Fig. 6D). The zygomatic was positioned more posterolaterally in the 
sylvanus group as compared to the others (Fig. 6E). Overall, the sylvanus group consistently 
showed the largest Mahalanobis and Procrustes distances from the other groups; distances 
between the fascicularis and sinica groups were smaller than the distances between the 
silenus group and either the fascicularis or sinica groups (Table 6). 
CVA also revealed that the hard-food eaters exhibited an anteroposteriorly shorter, 
narrower, and vertically higher (i.e., less prognathic) face than the others (Mahalanobis 




We used geometric morphometrics and multivariate analyses to comprehensively assess 
ecogeographical and phylogenetic factors influencing size, allometric variations, and 
non-allometric variations in the facial cranium of extant macaques. Our null hypothesis was 
rejected, indicating that each of the three components is significantly influenced by 
ecogeographical and phylogenetic factors. Prior studies also applied geometric morphometrics 
to distinguish between allometric and non-allometric patterns in craniofacial shape but on a 
limited number of species (Pan et al., 2003; Rook and O'Higgins, 2005; Ito et al., 2011; 
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Singleton, 2012). With its large sample size encompassing 12 species, our analysis provides 
greater insight into craniofacial variation and its potential use in taxonomic (species group) 
identification of fossil macaques. 
Body size was estimated by cranial measurements and is the most obvious limitation of 
our analysis. Nevertheless, cranial measurements, including CS and length, have been used as 
a surrogate for body size in numerous primate studies (e.g., Singleton, 2002; Schillaci et al., 
2009; Cardini et al., 2013). We estimated body size using neurocranial lnCS because species 
average body mass was more highly correlated with neurocranial size than with facial or 
entire cranial sizes (see also Delson et al., 2000). Although the estimated values could 
potentially overestimate or underestimate individual body size, the values were reasonable 
surrogates for body size considering the limited availability of individual body mass data. 
Geographic variation in body size has been studied in several primate taxa. Evidence for 
Bergmann’s rule, namely latitude- or temperature-related size variation, has been detected in 
some high taxonomic (Subfamily to Order) levels in primates (Harcourt and Schreier, 2009). 
However, this was driven by Old World monkeys, including macaques, and was not 
significant when phylogenetic effects were controlled for in Colobinae (Harcourt and Schreier, 
2009) and Malagasy primates (Kamilar et al., 2012). Bergmann’s rule has been reported for 
the genus Nycticebus (Ravosa, 1998), Aotus azarai (Fernandez-Duque, 2011), and 
Microcebus murinus (Lahann et al., 2006). These taxa are small in body size and therefore are 
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probably sensitive to ambient temperature in terms of regulating body temperature. However, 
Bergmann’s rule does not seem to play a significant role in producing intrageneric or 
intraspecific size variation in middle- to large-sized African monkeys; rather, the size 
variation reflects their phylogenetic relationships or rainfall gradients (as a proxy for resource 
productivity) in a longitudinal direction (Dunbar, 1990; Turner et al., 1997; Cardini et al., 
2007; Jolly, 2012; Cardini et al., 2013). 
In contrast, size variation in macaques largely reflects latitudinal climatic gradients, 
which is peculiar among middle- to large-sized Cercopithecine monkeys; this distinction is 
attributable to the wider latitudinal distribution of the macaques. Nevertheless, the relative 
contribution of latitudinal climatic gradients as well as other factors, including differences in 
sex, species group, and habitat use type, is different among the four species groups. Size 
variation largely reflects latitudinal climatic gradients in the fascicularis and sinica groups, 
indicating that animals are larger in colder environments. This finding is in accordance with 
previous studies (Fooden, 1988, 2006) and is reasonably explained by Bergmann’s rule. In 
contrast, latitudinal climatic gradients have less of an effect on body size in the silenus group 
(Albrecht, 1980), probably because of its restricted distribution in tropical zones; rather, body 
size variation reflects differences in habitat use type, as demonstrated by the fact that the 
terrestrial M. nemestrina is larger than the arboreal M. leonina (Fooden, 1975, 1982). In 
addition, size variation in the sylvanus group is probably influenced by other factors, 
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including sex, rather than latitudinal climatic gradients, as these animals inhabit restricted 
temperate regions. These findings suggest that the silenus and sylvanus groups are primarily 
under the control of climate-unrelated pressures, and that the fascicularis and sinica groups 
are under strong pressures from climatic conditions along a latitudinal gradient, which 
significantly amplifies body size variations. 
Size variation was strongly correlated with facial elongation across macaques; as size 
increases, a rounded face becomes more elongated. This scaling pattern is probably conserved 
in the tribe Papionini because a similar pattern was observed in other clades of this tribe, 
including the genus Papio (Leigh, 2006), large-bodied papionins (Frost et al., 2003), and the 
entire Papionini tribe (Collard and O'Higgins, 2001; Singleton, 2002; Leigh et al., 2003; 
Gilbert and Grine, 2010). This common allometric pattern is largely explained by truncation 
or extension of a common ontogenetic trajectory (O'Higgins and Collard, 2002; Leigh et al., 
2003; Leigh, 2006), suggesting that variation in facial elongation of macaques is largely a 
passive consequence of body size modifications along a common allometry. Thus, facial 
elongation indirectly reflects various factors influencing body size. 
Although differences in the factors influencing body size variation change the amount of 
shape variation, namely facial elongation, along an allometric trajectory, they cannot be the 
direct cause of changing the nature (i.e., slope and elevation) of the common allometric 
pattern. The nature of the common allometric pattern is phylogenetically conserved because 
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the slope of the scaling relationship is often homogeneous in papionins, even at the 
intrageneric level, despite significant body size differences (Singleton, 2002). Nevertheless, 
some allometric (including ontogenetic) studies have detected the dissociation of common 
allometric trajectories, including differences in slope and/or elevation that sometimes produce 
curvilinearity, among papionin genera (Collard and O'Higgins, 2001; Singleton, 2002, 2004, 
2005) and even within the genus Papio (Leigh, 2006). These findings suggest that facial 
elongation in some taxa is not completely explained by the simple extension or truncation of 
the ancestral ontogenetic trajectory. Such allometric dissociations may be a consequence of 
functional and adaptive modifications, possibly reflecting dietary differences or sexual 
selection for increasing canine height and larger gape (Singleton, 2005; Leigh, 2006). 
Our analyses revealed a dissociation of the common allometric pattern within the genus 
Macaca. The slopes of the allometric lines of the fascicularis and sinica groups appeared to 
be lower than those of the silenus and sylvanus groups. The analysis comparing slopes and 
elevations among species suggested that the lower slope of the sinica group can be attributed 
to almost parallel shifts in the allometric lines between tropical and subtropical/temperate 
species, although M. assamensis does not follow this pattern. The deviation pattern of M. 
sinica was similar to another tropical species, M. radiata, and definitely contributed to the 
lower slope of the sinica group, but it was not tested because of the non-significant regression 
of M. sinica. The lower slope of the fascicularis group was probably caused not only by the 
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parallel shifts but also by the decreased slopes in M. fuscata and M. mulatta, which occupy 
the most widespread range consisting of the coldest climatic conditions. Parallel shifts in the 
allometric lines, i.e., higher elevations for the tropical zone than the subtropical/temperate 
zone, were also observed in the entire sample and between the silenus and sylvanus groups. A 
similar pattern, namely an allometric dissociation among several macaque species, has been 
reported in previous studies (Fooden, 1988; Mouri, 1996; Rook and O'Higgins, 2005; Fooden, 
2006; Singleton, 2012). Our findings suggest that allometric changes have occurred several 
times in Macaca, including the elevation differences between the species groups, the 
elevation differences among species within each of the fascicularis and sinica species groups, 
the decreased slopes in M. mulatta and M. fuscata, and the possible increased slope in M. 
assamensis, M. thibetana, and M. nemestrina. Notably, many allometric changes except for 
the latter result in the similar situation that the face is more rounded in colder climatic zones 
and/or larger-bodied animals (thus reflecting colder environments under the effect of 
Bergmann’s rule) than predicted from the overarching allometric pattern. This strongly 
suggests the influence of climate-related factors either directly or indirectly, which is a 
pressure favoring a more rounded face in colder environments or a more elongated face in 
warmer environments.  
Specification of climate-related factors affecting the allometric changes in macaques is 
pending, but three possible candidates can be proposed. One is the effect of Allen’s rule, 
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which predicts that shorter appendages reduce body heat loss in colder conditions. Treating a 
face as an appendage, there may be selection pressure that favors a more rounded face with a 
shorter muzzle in colder conditions. Although the effect of Allen’s rule on facial morphology 
has been rejected in human experimental studies (Steegmann, 1970, 1972), the possibility 
remains that animals naturally possessing a relatively long muzzle, such as macaques, follow 
this rule (as in the arctic fox; Prestrud, 1991). Further experimental and theoretical studies are 
required to verify this supposition. The other two possible factors are indirectly related to 
climatic conditions. One is the functional adaptation that is related to dietary differences along 
a latitudinal gradient. A non-tropical seasonal condition reduces annual fruit productivity 
(Hanya et al., 2013); therefore, some species in this zone eat larger amounts of leaves instead 
of mature fruit as compared with those in a tropical zone (e.g., Goldstein and Richard, 1989; 
Ahsan, 1994; Zhou et al., 2011). If the leaves they eat require larger biting force than fruits, it 
is reasonable to consider that subtropical/temperate species are under selection pressure to 
have a more rounded face with a shorter muzzle (Singleton, 2005). In addition, intraspecific 
dietary variations, i.e., relatively larger amounts of leaves and/or barks in colder environments, 
have also been reported in M. mulatta (Goldstein and Richard, 1989) and M. fuscata (Tsuji, 
2010), which can explain their decreased slopes considering that a shorter face probably 
permits larger bite force (Singleton, 2005). The other possible factor is sexual selection 
related to differences in reproductive seasonality. Reproductive seasonality is generally weak 
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in a tropical zone compared with that in a subtropical/temperate zone, although with some 
exceptions (Thierry et al., 2000). Weak seasonality means that females in estrus are observed 
throughout the year, and therefore the number of estrus females at a given time could be 
limited when compared with species with estrus females that are seasonally constrained 
within a certain period. Limitations on estrus females may enhance male-male competition, 
thus causing selection pressure for a more elongated face that allows the males to possess 
longer canines (Mouri, 1996). Tropical macaque species tend to have relatively longer male 
canines than do subtropical/temperate species (Plavcan, 1990; Ito, personal observation). Thus, 
each or a combination of these selection pressures may have caused the allometric 
dissociation in macaques, as suggested in previous papionin studies (Singleton, 2005; Leigh, 
2006). In contrast to the findings for other papionin taxa, these possible factors may be 
significantly related to latitudinal environmental differences in macaques. 
All allometric changes found in this study cannot be explained by the climate-related 
factors. M. assamensis, despite living in non-tropical regions, shares allometric elevation with 
tropical species, which means possessing a relatively elongated face. The possible increased 
slope in M. assamensis, M. thibetana, and M. nemestrina also needs explanations. It may be 
that the male-male competition was particularly and exceptionally enhanced in these species 
when compared with their relatives in the same climatic zone, favoring a longer face (see 
above). Whether it changes slope and/or elevation possibly depends on the strength of other 
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selection pressures and on the percentage of sex difference in the total intraspecific body size 
variation. Furthermore, the fact that regression was insignificant in M. sinica would be 
noteworthy. Although it may be caused just by the limited sample size, it possibly reflects the 
wide intraspecific shape diversity considering the small adult size range. However, these 
interpretations lack statistical support or evidence and are pure suppositions. 
Much of the non-allometric (and sex-adjusted) shape variation reflected phylogenetic 
(among species group) differences, whereas some reflected dietary differences. An 
anteroposteriorly shorter and vertically higher face observed in the hard-food eaters such as M. 
fuscata, M. thibetana, and M. sylvanus is probably advantageous for producing a greater 
occlusal bite force at the anterior dentition (Singleton, 2004; Koyabu and Endo, 2009) and is 
desirable for dissipating larger occlusal loads (Antón, 1996). However, it is not conclusive 
whether this feature solely reflects a dietary adaptation or is a consequence of other 
climate-related factors (as mentioned above) because dietary differences are highly correlated 
with climatic conditions (Tsuji et al., 2013). In any case, the three species classified into 
different species groups may have independently acquired this feature as an adaptation to 
severe conditions in high-latitude regions, resulting in convergent evolution. In contrast, we 
showed that some localized shape components often observed in the zygomatic and muzzle 
regions provide well-conserved phylogenetic information that distinguishes the four species 
groups. This finding suggests that localized shape components are less affected by latitudinal 
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environmental differences, and therefore are useful for taxonomic (species group) 
identification of fossil specimens. 
The species group identification of fossil macaques is intriguing in terms of 
understanding their paleobiogeography and adaptation to varied climates (Delson, 1977; 
Jablonski and Pan, 1988), but our analyses suggest that the phylogenetic information on 
overall facial configuration, degree of elongation, and prognathism is obscured by convergent 
evolution and the effect of the common allometric pattern. This suggests that conflicts 
regarding the taxonomic identification of fossil macaques are possibly due to the overall 
impression of homoplasy in craniofacial shape, as suggested for African papionins (Collard 
and O'Higgins, 2001; Leigh, 2007). In particular, the phylogenetic utility of the degree of 
facial elongation is seriously impaired by allometric dissociation even within a species group, 
reflecting latitudinal environmental differences. This means that even if the common 
allometric effect is controlled for, the degree of facial elongation may not reflect phylogenetic 
relationships among the species groups. Because the wider latitudinal distribution of 
macaques compared with other non-human primates may enhance the direct and/or indirect 
effects of climatic environments on craniofacial variations, caution should be exercised when 
evaluating macaque fossil specimens. Further phylogenetic appraisal is required using the 
localized shape components observed in zygomatics and muzzles, which are probably less 
affected by environmental differences.  
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Fig. 1 Cladogram of macaques: phylogenetic relationship among the four species groups 
(Table 1). A: Modified after Delson (1980), which is based on genitalia, cranial morphology, 
biogeography, and fossil records (see also Fooden, 1976). B: Modified after Tosi et al. (2003), 
which was based on mitochondrial DNA (see also Morales and Melnick, 1998). This resolved 
the phylogenetic relationship among the four species groups but the phylogenetic position of 
M. arctoides was different from the others. C: Modified after Tosi et al. (2003), which was 
based on Y-chromosome DNA. This supports the monophyly of each of the four species 
groups but cannot resolve the intergroup relationships. D: Modified after Li et al. (2009), 
which was based on Alu elements. This provides strong statistical support for the monophyly 
of each of the four species groups and resolved the intergroup phylogenetic relationships. 
 
Fig. 2 Geographic distribution of local populations of macaques used in this study (Table 
2). Dashed lines indicate border between populations belonging to same species. A: the 
fascicularis group. Circle, M. fascicularis; triangle, M. mulatta; cross, M. cyclopis; square, M. 
fuscata. B: the sinica group. Circle, M. arctoides; triangle, M. assamensis; square, M. 
thibetana; cross, M. radiata; star, M. sinica. C: the silenus group. Circle, M. nemestrina; 
triangle, M. leonina. D: the sylvanus group. Circle, M. sylvanus.  
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Fig. 3 Landmarks on facial regions used in this study. A: Lateral view. B: Frontal view. 
C: Inferior view. 
 
Fig. 4 A: Relationship between the natural logarithms of species average (split sex) 
neurocranium centroid size (CS) and species average (split sex) body mass. B: The estimation 
of individual’s body size. Both sexes are indicated by the same symbol; for all species, males 
are larger than females. 
 
Fig. 5 Allometric pattern of craniofacial shape across macaques. A: Shape variations 
along the axis of the shape score. Shape changes are shown as the smooth surface rendering 
of polygons, Cartesian transformation grids, and wireframes. The deformation of Cartesian 
transformation grids indicates transformation from the grand mean to positive and negative 
extremes. The wireframe of the solid line and right images represent the positive extreme 
(+1.0), and that of the dashed line and left images represent the negative extreme (–1.0). 
Arrows indicate the relative size of the upper face against the lower face and the relative 
elongation of the muzzle and the facial profile line. B: Relationship between body size 
surrogates and shape scores. Symbols represent climatic zones. Solid line represents a 
regression line for subtropical/temperate animals (y = 0.074x – 0.680, R
2
 = 0.57, p < 0.001); 
dashed line represents a regression line for tropical animals (y = 0.078x – 0.671, R
2
 = 0.54, p 
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< 0.001). C: Same as B, but symbols represent species groups. Solid line represents a 
regression line for the fascicularis group (y = 0.043x – 0.340, R
2
 = 0.32, p < 0.001); dashed 
line represents a regression line for the sinica group (y = 0.061x – 0.545, R
2
 = 0.54, p < 
0.001); dotted line represents a regression line for the silenus group (y = 0.087x – 0.752, R
2
 = 
0.51, p < 0.001); dot-dashed line represents a regression line for the sylvanus group (y = 
0.077x – 0.725, R
2
 = 0.34, p = 0.058). D-F: Same as B, but for the fascicularis, sinica, and 
silenus groups, respectively (Table 5). Symbols represent species. 
 
Fig. 6 Shape changes associated with species group differences. A: Scatterplot of CV1 
against CV2. B: Shape changes along the axis of CV1. Arrows indicate the relative height and 
width of the upper muzzle. C: Shape changes along the axis of CV2. Arrows indicate the 
convexity (and concavity) of the nasal profile line and the relative width of the zygomatic. D: 
Scatterplot of CV3 against CV2. E: Shape changes along the axis of CV3. Arrows indicate the 
relative position of the zygomatic. The shapes of positive (+4.0, but +8.0 for CV3) and 
negative (–4.0) extremes are represented for each axis. 
 
Fig. 7 Shape changes associated with dietary difference. A: Histogram of CV1 scores. B: 
Shape changes along the axis of CV1. Arrows indicate relative height, width, and length of 
the face. 
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Table 1. Ecogeographical and phylogenetic categories. 
Species Climatic zones Dietary habits Habitat use 
types 
Species groups 
M. fascicularis tropical zone non-hard food 
eaters 






























the sinica group 





















the sinica group 
M. nemestrina tropical zone non-hard food 
eaters 
terrestrial the silenus group 
M. leonina tropical zone non-hard food 
eaters 





terrestrial the sylvanus 
group 
Details are described in the text. 
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      F   M   Total   

















20  20  40 14 


















16 (1) 15 (1) 31 5 
M. cyclopis cyclopis Taiwan 11  12  23 1 
M. fuscata fuscata 
yakui 






20  20  40 13 
M. sinica sinica  Ceylon island 6  12 (1) 18 6 
M. radiata radiata Southern India 7 (1) 10  17 4 




12 (3) 20 (1) 32 13 





5  10 (1) 15 3 
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11  20 (1) 31 14 
M. thibetana thibetana Southern and 
eastern China 
4  12  16 3 
M. nemestrina Borneo 
nemestrina 







12 (2) 20  32 13 





14 (3) 20 (1) 34 12 
M. sylvanus sylvanus Morocco and 
Gibraltar 
6 (2) 5  11 2 
The specimens are housed at the Hakusan Nature Conservation Center, Hakusan, Japan; the 
Tochigi Prefectural Museum, Utsunomiya, Japan; the Primate Research Institute of Kyoto 
University, Inuyama, Japan; the Kunming Institute of Zoology, Kunming, China; the 
Zoological Museum of National University of Hanoi, Hanoi, Vietnam; the Raffles Museum 
of Biodiversity Research, Singapore; the Museum für Naturkunde of Humboldt University, 
Berlin, Germany; the Naturmuseum Senckenberg, Frankfurt, Germany; the Zoologische 
Staatssammlung München, Munich, Germany; the Natural History Museum, London, UK; 
the National Museum of Natural History, Washington DC, USA; the American Museum of 
Natural History, New York, NY, USA; the Museum of Comparative Zoology of Harvard 
University, Cambridge, MA, USA; and the Field Museum of Natural History, Chicago, IL, 
USA. *Number in parentheses indicates the number of specimens lacking geographic data. 
 
1
Bali, Borneo, Bunguran, Flores, Java, Lombok, Nias, Simeulue, Sumatra, Sumbawa, and 
Timor islands. 
2
 Distribution region of M. f. philippinensis and contact region between this 
subspecies and M. f. fascicularis (Fooden 1990b).  
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 IFR Posterior-most point of incisive foramen.
1
 
 MXP Meeting point of maxilla and palatine along midline.
1
 
 PNS Tip of posterior nasal spine.
1
 
 GPF Most posterior point on the margin of greater palatine foramen.
1
 
 NSP Nasospinale: inferior-most midline point of piriform aperture.
1
 
 WPA Point corresponding to largest width of piriform aperture.
1
 
 NPM Meeting point of nasal and pre-maxilla on margin of piriform aperture.
1
 
 RHI Rhinion: most anterior midline point on nasals.
1
 




Dacryon: most superior point of the lacrimomaxillary suture 




Point on inferior margin of supraorbital torus (superior margin of orbit) 









Zygo-max superior: antero-superior point of zygomaticomaxillary 













 CZA Maximum curvature of anterior upper margin of zygomatic arch.
1
 




Mesial P3: most mesial point on P
3































Glabella: most forward projecting midline point of frontals at the level 
of the supraorbital ridges.
1
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Inion: most posterior point of cranium, when viewed in the Frankfurt 





















Meeting point of zygomatic arch and alisphenoid on superior 
margin of pterygomaxillary fissure.1 
   
Other ZTS 
Zygo-temp superior: superior point of zygomatico-temporal suture on 





Zygo-temp inferior: inferior point of zygomatico-temporal suture on 





Posterior-most point on curvature of anterior margin of zygomatic 
process of temporal bone.
1
 
1Cardini et al. (2007), 2Cobb and O'Higgins (2007), 3Frost et al. (2003). 
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Table 4. Multivariate regression of body size surrogate against climate, sex, habitat use 

























   
temperature
1




   
male
2




   
habitat use 
type 




   
sinica group
3

































   
temperature
1




   
male
2




   
habitat use 
type 














   
temperature
1




   
male
2




   
habitat use 
type 
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temperature
1




   
male
2




   
habitat use 
type 














      male2 0.35  0.142  2.5  0.0
35  
0.64  
*The largest contribution is indicated by bold. 
1






These are nominal and thus coded as dummy variables. One of the 
dummy variables ("female" for sex and "fascicularis group" for species group) was 
eliminated from the regression equation because the information of one variable can be 
readily obtained from that of the other variables (Suits, 1957). The eliminated variable can 
be regarded as a reference.  
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Table 5. Scaling pattern for each species.  
Equations for the least-squares regression of 
the shape scores on the body size surrogates.  








Angles between the 
slopes for each 
species and a general 
trend 









0.003  1 0.058 0.810 
M. mulatta 





-0.022  1 8.008 0.005 
M. cyclopis 





0.009  1 0.162 0.688 
M. fuscata 





-0.032  1 7.262 0.007 
M. sinica 





- - - - 
M. radiata 





0.002  1 0.004 0.952 
M. 
arctoides 





-0.002  1 0.014 0.905 
M. 
assamensis 





0.023  1 3.416 0.065 
M. 
thibetana 





0.029  1 0.562 0.454 
M. 
nemestrina 





0.021  1 1.931 0.166 
M. leonina 





0.000  1 0 0.990 
M. 
sylvanus 
0.077 -0.725  
0.3
4  
0.058   0.002  1 0.006 0.940 
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Table 6. Mahalanobis squared distances (below the diagonal) and Procrustes 
distances (above the diagonal) of the size- and sex-adjusted Procrustes shape 
coordinates between the species groups. 








group    
fascicularis group 
 
0.036  0.062  0.078  
sinica group  3.226  
 
0.057  0.091  
silenus group 3.862  3.512  
 
0.122  
sylvanus group    6.684  7.620  8.148    
All the differences were statistically significant (p < 0.001). 
 
Page 54 of 62
John Wiley & Sons, Inc.
































































Figure 1  
196x158mm (300 x 300 DPI)  
 
 
Page 55 of 62
John Wiley & Sons, Inc.
































































Figure 2  
286x196mm (300 x 300 DPI)  
 
 
Page 56 of 62
John Wiley & Sons, Inc.
































































Figure 3  
202x200mm (300 x 300 DPI)  
 
 
Page 57 of 62
John Wiley & Sons, Inc.
































































Figure 4  
209x106mm (300 x 300 DPI)  
 
 
Page 58 of 62
John Wiley & Sons, Inc.
































































Figure 5A-C  
293x717mm (300 x 300 DPI)  
 
 
Page 59 of 62
John Wiley & Sons, Inc.
































































Figure 5D-F  
293x792mm (300 x 300 DPI)  
 
 
Page 60 of 62
John Wiley & Sons, Inc.
































































Figure 6  
188x120mm (300 x 300 DPI)  
 
 
Page 61 of 62
John Wiley & Sons, Inc.
































































Figure 7  
129x208mm (300 x 300 DPI)  
 
 
Page 62 of 62
John Wiley & Sons, Inc.































































Supporting information for Table 1: Ecogeographical and phylogenetic categories 
Fooden (1982a) suggested that Asian macaques are ecogeographically segregated into 
Southern tropical and Northern subtropical species, with a boundary occurring at 
approximately 18°N in both India and the Indochinese Peninsula. Based on this criterion, we 
defined five tropical species and seven subtropical/temperate species. Although the 
geographic range of M. arctoides extends southward beyond this boundary, we classified this 
species as subtropical/temperate (see Eudey, 1980; Fa, 1989; Fooden, 1990a). 
The species distributed in the northern extremes of the macaques’ distribution or in high 
mountain regions, namely M. fuscata, M. thibetana, and M. sylvanus, feed on considerable 
amounts of tough and/or fibrous foods (e.g., mature leaves, bark, and nuts) in certain seasons 
when the availability of more easily obtainable and nutritious food items (e.g., fruit) is limited 
(Izawa and Nishida, 1963; Suzuki, 1965; Zhao et al., 1991; Hanya, 2004; Hanya et al., 2011). 
These species were categorized as hard food eaters and were distinguished from the others. 
For habitat use types, M. arctoides, M. nemestrina, and M. sylvanus were categorized as 
“terrestrial”; M. fascicularis, M. assamensis, and M. leonina were categorized as “arboreal”; 
and the others were categorized as intermediate or uncertain (Sugiyama, 1971; Fooden, 1975, 
1979; Crockett and Wilson, 1980; Fooden, 1982a, 1985, 2000; Fooden and Wu, 2001; Chatani, 
2003; Fooden, 2007). 
The species group classification used in this study was based on that of Delson (1980) 
(Fig. 1A). Although there has been some debate concerning whether M. arctoides is more 
closely related to the sinica or fascicularis group (Morales and Melnick, 1998; Tosi et al., 
2000, 2003) (Figs. 1B, C), a recent molecular study by Li et al. (2009) demonstrated strong 
statistical support for the placement of M. arctoides in the sinica group, confirming the 
classification by Delson (1980) (Fig. 1D). This result is robust because Alu elements used in 




Supporting information for Table 2: Samples used in this study 
For the determination of sampling units on the basis of the distribution pattern and 
genetic divergence, we referred to the following literature: Fooden (1975, 1982b, 1990b, 1995, 
2000), Tosi et al. (2002), Evans et al. (2003), Marmi et al. (2004), Fooden and Aimi (2005), 
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